Abstract. Aerosols in the size class <2.5 µm (6 daytime and 9 nighttime samples) were collected at a pasture site in Rondônia, Brazil, during the intensive biomass burning period of 16-26 September 2002 as part of the Large-Scale Biosphere-Atmosphere Experiment in Amazonia -Smoke, Aerosols, Clouds, Rainfall and Climate (LBA-SMOCC). Homologous series of dicarboxylic acids (C 2 -C 11 ) and related compounds (ketocarboxylic acids and α-dicarbonyls) were identified using gas chromatography (GC) and GC/mass spectrometry (GC/MS). Among the species detected, oxalic acid was found to be the most abundant, followed by succinic, malonic and glyoxylic acids. Average concentrations of total dicarboxylic acids, ketocarboxylic acids and α-dicarbonyls in the aerosol samples were 2180, 167 and 56 ng m −3 , respectively. These are 2-8, 3-11 and 2-16 times higher, respectively, than those reported in urban aerosols, such as in 14 Chinese megacities. Higher ratios of dicarboxylic acids and related compounds to biomass burning tracers (levoglucosan and K + ) were found in the daytime than in the nighttime, suggesting the importance of photochemical production. On the other hand, higher ratios of oxalic acid to other dicarboxylic acids and related compounds normalized to biomass burning tracers (levoglucosan and K + ) in the daytime provide evidence for the possible degradation of dicarboxylic acids (≥C 3 ) in this smoke-polluted environment. Assuming that these and related compounds are photo-chemically oxidized to oxalic acid in the daytime, and given their linear relationship, they could account for, on avCorrespondence to: K. Kawamura (kawamura@lowtem.hokudai.ac.jp) erage, 77% of the formation of oxalic acid. The remaining portion of oxalic acid may have been directly emitted from biomass burning as suggested by a good correlation with the biomass burning tracers (K + , CO and EC a ) and organic carbon (OC). However, photochemical production from other precursors could not be excluded.
Introduction
The ubiquity of dicarboxylic acids and related compounds (ketocarboxylic acids and α-dicarbonyls) is well recognized in atmospheric aerosols from urban (Kawamura and Kaplan, 1987; Kawamura and Ikushima, 1993; Limbeck and Puxbaum, 1999; Röhrl and Lammel, 2002; Wang et al., 2002; Fisseha et al., 2006; Ho et al., 2007) , rural/suburban (Khwaja, 1995; Limbeck et al., 2001; Legrand et al., 2007) , remote marine (Kawamura and Sakaguchi, 1999; Mochida et al., 2003a; Sempéré and Kawamura, 2003; Kawamura et al., 2004; Wang et al., 2006; Legrand et al., 2007) , Arctic (Kawamura et al., 1996b; Kerminen et al., 1999; Narukawa et al., 2003) and Antarctic regions (Kawamura et al., 1996a) . In contrast, there are relatively few reports on the molecular distributions and concentrations of dicarboxylic acids and ketocarboxylic acids in biomass burning aerosols (Allen and Miguel, 1995; Graham et al., 2002; Mayol-Bracero et al., 2002; Gao et al., 2003; Decesari et al., 2006; Falkovich et al., 2005) , or biomass burning haze aerosols (Narukawa et al., 1999) .
Although biomass burning is an important source of dicarboxylic acids and related compounds, none of the previous biomass burning aerosol studies has discussed the molecular Published by Copernicus Publications on behalf of the European Geosciences Union. distributions of dicarboxylic acids and related compounds in the range of C 2 -C 11 along with their formation and degradation pathways in biomass burning plumes. Molecular distributions of dicarboxylic acids and related compounds should provide information on the source and formation mechanisms of water-soluble organic aerosols in the biomass burning aerosols, which are poorly understood (Grosjean et al., 1989; Kawamura and Ikushima, 1993) .
Dicarboxylic and ketocarboxylic acids account for 2-9% of water-soluble organic carbon (WSOC) in biomass burning aerosols (Narukawa et al., 1999; Decesari et al., 2006; Falkovich et al., 2005) . WSOC in biomass burning aerosols contributes to the CCN activity (Sherwood, 2002; Andreae et al., 2004; Mircea et al., 2005; Andreae and Rosenfeld, 2008; Asa-Awuku et al., 2008) , which affects cloud microphysical properties and hence precipitation patterns and cloud albedo (Kaufman and Fraser, 1997; Ramanathan et al., 2001; Kaufman et al., 2002) . Glutaric acid (a C 5 dicarboxylic acid) has been found to increase the CCN activation ability of ammonium sulfate, a major inorganic species in atmospheric aerosols Pandis, 1997, 1998) . Organics prevalent in biomass burning aerosols can also enhance their CCN ability via the depression of surface tension (Asa-Awuku et al., 2008) .
Here we report on the molecular distribution and loadings of dicarboxylic acids and related compounds in the C 2 -C 11 range in biomass burning aerosol samples collected in Amazonia. The aerosol samples collected both in the dayand night-time allowed us to address their diurnal variations and hence chemical formation and degradation. The results are used to better understand their possible sources and formation processes in terms of primary versus secondary origin. We also discuss the day/night variations of dicarboxylic acids using biomass burning tracers (K + , CO, EC a and levoglucosan) and organic carbon (OC) previously measured in these samples Fuzzi et al., 2007; Kundu et al., 2010) .
Experimental

Site description and aerosol sampling
Aerosol sampling was carried out during an intensive biomass burning period (dry season), 16-26 September 2002 , at the FNS (Fazenda Nossa Senhora Aparecida) site (10 • 45 44 S, 62 • 21 27 W, 315 m a.s.l.) located in the western province of Rondônia, Brazil . Aerosol sampling procedures have been described in detail elsewhere . Briefly, fine aerosol particles (PM 2.5 ) were collected on pre-combusted (∼10 h at 600 • C) Pallflex quartz fiber filters using a dichotomous virtual impactor (Solomon et al., 1983) mounted on a 10 m high tower. Daytime samples (n=6) were collected from ∼07:45 to ∼17:45 LT (local time) and nighttime samples (n=9) from ∼18:30 to ∼07:00 LT. The aerosol filters were placed in prebaked glass jars and stored in a freezer at −20 • C at the Max Planck Institute for Chemistry in Mainz, Germany. Small fractions of the filter discs were transported to our laboratory in Sapporo, Japan, wrapped in pre-baked thick aluminum foil. Filter discs were transferred into pre-baked glass vials (∼480 • C, overnight) and stored at −20 • C until analysis.
Analytical methods
Filter samples were analyzed for water-soluble dicarboxylic acids, ketocarboxylic acids and α-dicarbonyls (Kawamura and Ikushima, 1993; Kawamura, 1993) . Briefly, aliquots of the filter samples were extracted with organic-free pure water (2 ml×3, 18 M ) by ultrasonic agitation for the isolation of dicarboxylic acids and related compounds. The extracts were passed through a glass column (Pasteur pipette) packed with quartz wool in order to remove filter debris and insoluble particles and then concentrated to almost dryness using a rotary evaporator (∼40 • C). The concentrates were derivatized with 14% borontrifluoride in n-butanol at 100 • C for one hour. The derived dibutyl esters and dibutoxy acetals were separated with n-hexane (∼5 ml) after adding pure water (∼5 ml). The hexane layer was dried to ca. 50 µl using a rotary evaporator, transferred to small vial (1.5 ml), dried to almost dryness by N 2 blowdown, and dissolved in a known volume of nhexane (usually 50-100 µl). A 2 µl aliquot of the sample was injected into a capillary GC instrument (Hewlett-Packard, HP6890) equipped with a split/splitless injector, fused silica capillary column (HP-5, 25 m×0.2 mm id.×0.5 µm film thickness) and FID detector. The oven temperature was held at 50 • C for 2 min, ramped at 30 • C/min to 120 • C, then at 6 • C/min to 310 • C and held for 10 min. Peak identification was carried out by comparison of the GC retention times with those of authentic standards (derivatives of C 2 -C 11 dicarboxylic acids, glyoxylic acid, 4-oxobutanoic acid, pyruvic acid, glyoxal and methylglyoxal). Identification of esters and acetals was also confirmed by mass spectral analysis using a GC/MS instrument (Thermoquest, Trace MS) with similar GC column conditions. The quantification of the compounds was performed using the GC response factors of authentic standards. The GC peak areas were calculated with a Shimadzu C-R7A Plus integrator.
We spiked free dicarboxylic acids on pre-combusted quartz fiber filters in order to test the recovery. They were extracted and analyzed like the real samples. The recoveries ranged between 80-85% for oxalic acid and more than 90% for malonic, glutaric, succinic and adipic acids. Kawamura and Yasui (2005) reported that the recoveries were 88%, 72% and 47% for glyoxylic acid, pyruvic acid and methylglyoxal, respectively, following the same analytical procedure in our laboratory. Repeated analyses of the filter sample showed that the analytical error of this method was less than 10% for major species reported in this study. A field blank showed small peaks of oxalic, succinic, adipic, and phthalic acids and methylglyoxal. However, their levels were very low (0.1-2.6%) compared to those of the real samples. The reported concentrations for the samples are corrected for the field blanks, but not for recoveries.
Results and discussions
Insignificant contribution from anthropogenic sources to biomass burning haze at the FNS site in Rondônia
The LBA-SMOCC campaign at the FNS site in Rondônia was carried out from September to November 2002. Three periods were distinguished based on the concentrations of PM 10 , carbon monoxide (CO) and total carbon (TC) (Decesari et al., 2006; Fuzzi et al., 2007) . The concentrations of PM 10 measured by a Tapered Element Oscillating Microbalance (TEOM) and different types of cascade impactors during the dry period (7 September-7 October) were higher by a factor of 2.3-3.7 and 4.9-12.4, respectively, than those during the transition (8-30 October) and wet (30 October-14 November) periods. Furthermore, concentrations of CO and TC during the dry period were higher than those in other periods by a factor of 2.3-4.3, and 3.6-21.1, respectively. Falkovich et al. (2005) found that in this campaign the mean concentration of C 2 -C 6 dicarboxylic acids in the dry period was 2.3 and 15.3 times higher than that in the transition and wet periods, respectively. Based on the high concentrations of pyrogenic aerosol components, the relatively low levels of fossil fuel components such as sulfate, the presence of a large number of fires, and the lack of substantial urban areas in the upwind region, Fuzzi et al. (2007) concluded that biomass smoke was the dominant aerosol component during the study period in Rondônia. This suggests that the contribution of dicarboxylic acids from other anthropogenic sources during the dry period is not important in our samples.
Molecular distributions of dicarboxylic acids, ketocarboxylic acids and α-dicarbonyls
We measured dicarboxylic acids and related compounds in the range of C 2 -C 11 in the aerosol particles collected during the intensive biomass burning period from the FNS site in Rondônia. Figure 1 shows the molecular distributions of dicarboxylic acids and related compounds in the day and night samples. Among the smaller-MW (molecular weight) saturated ndicarboxylic acids (C 2 -C 4 ), oxalic (C 2 ) acid was the most abundant species followed by succinic (C 4 ) and malonic (C 3 ) acids in all samples. The predominance of oxalic (C 2 ) acid has been reported for biomass burning aerosols (Narukawa et al., 1999; Graham et al., 2002; Mayol-Bracero et al., 2002; Gao et al., 2003; Decesari et al., 2006; Falkovich et al., 2005) , atmospheric aerosols and rain samples from urban areas (Kawamura and Ikushima, 1993; Kawamura et al., 2001; Wang et al., 2002) and remote marine regions (Sempéré and Kawamura, 1996; Kawamura and Sakaguchi, 1999; Mochida et al., 2003b) as well as for Arctic aerosols (Kawamura et al., 1996a) , with the exception that a few Antarctic aerosol samples showed a higher abundance for succinic (C 4 ) acid (Kawamura et al., 1996b) . The three species accounted for, on average, 63%, 12% and 9% of the total dicarboxylic acids in the daytime samples, and for 62%, 14% and 8% in the nighttime samples, respectively. Among the larger-MW (molecular weight, C 5 -C 11 ) saturated n-dicarboxylic acids, adipic (C 6 ) acid is the most abundant in the daytime while glutaric (C 5 ) acid is the most abundant in the nighttime followed by azelaic (C 9 ) acid. These larger-MW dicarboxylic acids, on average, contributed ∼7% of total dicarboxylic acids in both day and night samples.
Among branched, unsaturated aliphatic, unsaturated aromatic and multifunctional dicarboxylic acid groups, major species are methylsuccinic (iC 5 ), maleic (M), phthalic (Ph) and malic (hC 4 ) acids, respectively, in all day and night samples. The mean concentration of terephthalic (tPh) acid in both day and night samples is ∼36-43% higher than that of isophthalic (iPh) acid. Glyoxylic (ωC 2 ) acid, a ω-oxocarboxylic acid, is the fourth abundant among all the dicarboxylic acids and related compounds determined. It accounted for 77% of total ketocarboxylic acids in day samples versus 80% in night samples. Its contribution to total dicarboxylic acids plus related compounds was found to be 6% in day samples and 5% in night samples.
A predominance of oxalic (C 2 ) acid followed by succinic (C 4 ), malonic (C 3 ) and glyoxylic (ωC2) acids was observed throughout the campaign in all day and night samples. The next most abundant species are glutaric (C 5 ) and phthalic (Ph) acids, whose mean concentrations are almost equal in the day samples, whereas glutaric (C 5 ) acid is much more abundant than phthalic (Ph) acid in the night samples. This type of molecular distribution is different from that found for 14 Chinese megacities, where for example, phthalic acid is the second most abundant dicarboxylic acid in 11 cities in summertime and in 7 cities in wintertime (Ho et al., 2007) . Oxalic (C 2 ) acid was found to be the dominant species, followed by malonic (C 3 ) and succinic (C 4 ) acids, in aerosols of urban Tokyo and Vienna, while the next abundant were glyoxylic (ωC 2 ), phthalic (Ph) and glutaric (C 5 ) acids in the case of Tokyo aerosols, and glutaric (C 5 ), glyoxylic (ωC 2 ) and phthalic (Ph) acids in the case of Vienna aerosols (Limbeck and Puxbaum, 1999; Sempéré et al., 1994) . Kawamura and Kaplan (1987) have reported the predominance of oxalic (C 2 ) acid followed by succinic, phthalic (Ph), malonic (C 3 ) and glutaric (C 5 ) acids in aerosols of downtown Los Angeles. They have also reported higher abundance of oxalic (C 2 ) acid followed by succinic (C 4 ), malonic (C 3 ), phthalic (Ph) and glutaric (C 5 ) acids in aerosols of west Los Angeles. Table 1 for abbreviations. The error bars represent one standard deviation. Table 1 presents the concentration ranges and average concentrations of dicarboxylic acids and related compounds determined in day and night samples, as well as their chemical formulas. Although the boundary layer height (average 1690±250 m) in the daytime is ∼7.5 times higher than in the nighttime (200-250 m) (Rissler et al., 2006) , higher concentrations of all dicarboxylic acids and related compounds except terephthalic and ketomalonic acids were observed in a day sample (see upper limit of the range in Table 1 ). Probably, this is due to the comparatively thick smoke conditions in daytime. It is of interest that although average concentrations of most dicarboxylic acids and related compounds were higher by 11-20% in nighttime than in daytime, pimelic (C 7 ), azelaic (C 9 ), sebacic (C 10 ), phthalic (Ph), hydroxysuccinic (hC 4 ), 3-oxopropanoic (ωC 3 ) and glyoxal (Gly) showed almost equal or higher concentrations in the daytime (Table 1) . Succinic (C 4 ) acid has been suggested to be a precursor of malonic (C 3 ) acid (Kawamura et al., 1996b) . The mean ratio of C 3 /C 4 in this study is 0.81 in daytime versus 0.59 in nighttime, which is higher than that for vehicular aerosols (average 0.35, Kawamura and Kaplan, 1987) , but similar to that of urban aerosols (0.86 in summer versus 0.61 in winter, Ho et al., 2007) . Maleic (M) acid can convert into fumaric (F) acid during photochemical isomerization reactions (Kawamura and Ikushima, 1993) . M/F ratios in all day and night samples ranged between 0.3-5.6 (average 2.8). This is in contrast to the urban aerosols (0.8-3.9, average 1.5) (Kawamura and Ikushima, 1993) and marine aerosols (0.06-1.3, average 0.26) (Kawamura and Sakaguchi, 1999) . This study may suggest that the isomerization of maleic (M) acid to fumaric (F) acid is suppressed under hazy conditions caused by biomass burning, in which sunlight is limited.
Adipic (C 6 ) and phthalic (Ph) acids are produced by the oxidation of anthropogenic cyclohexene and aromatic hydrocarbons, whereas azelaic (C 9 ) acid is from biogenic unsaturated fatty acids containing a double bond at C-9 position (Kawamura and Gagosian, 1987; Kawamura and Ikushima, 1993) . Consequently, C 6 /C 9 and Ph/C 9 ratios can be used as markers to evaluate the source strength of anthropogenic versus biogenic precursors to dicarboxylic acids. The mean value of the C 6 /C 9 ratio (2.2 for day and night samples) in our study is about 2-3 times higher than that for urban Chinese and Tokyo aerosols (Kawamura and Yasui, 2005; Ho et al., 2007) , suggesting that adipic (C 6 ) acid is also derived from biomass burning. This finding is in contrast to the study of Narukawa et al. (1999) , in which an increase of all dicarboxylic acids in the range of C 2 -C 12 except adipic (C 6 ) acid 
Fig. 2.
Diurnal variations in the carbon-based concentration ratios of (a) smaller-molecular weight (C 2 , C 3 and C 4 ), (b) largermolecular weight (C 5 , C 6 , C 7 and C 9 ), (c) branched (iC 4 , iC 5 and iC 6 ), (d) aliphatic unsaturated (M, F and mM), (e) aromatic unsaturated (Ph, iPh and tPh) and (f) multifunctional (hC 4 , kC 3 and kC 7 ) dicarboxylic acids, (g-h) ketocarboxylic acids (ωC 2 , ωC 9 and Pyr) and (i) α-dicarbonyls (MeGly and Gly) to levoglucosan in biomass burning aerosols. See Table 1 for abbreviations.
during fire-induced haze events in southeast Asia was observed. The mean value of the Ph/C 9 ratio in our study is 2-4 times lower than that of aerosols collected from Chinese megacities (Ho et al., 2007) and urban Los Angeles (Kawamura and Kaplan, 1987) . This further supports that the 
Fig. 3.
Diurnal variations in the carbon-based concentration ratios of (a) smaller-molecular weight (C 2 , C 3 and C 4 ), (b) largermolecular weight (C 5 , C 6 , C 7 and C 9 ), (c) branched (iC 4 , iC 5 and iC 6 ), (d) aliphatic unsaturated (M, F and mM), (e) aromatic unsaturated (Ph, iPh and tPh) and (f) multifunctional (hC 4 , kC 3 and kC 7 ) dicarboxylic acids, (g-h) ketocarboxylic acids (ωC 2 , ωC 9 and Pyr) and (i) α-dicarbonyls (MeGly and Gly) to potassium ion in biomass burning aerosols. See Table 1 for abbreviations.
contribution of phthalic (Ph) acid from other anthropogenic sources is less than from biomass burning. 
High loadings of dicarboxylic acids and related compounds
The average concentrations of total dicarboxylic acids, ketocarboxylic acids and α-dicarbonyls along with their concentration ranges are shown in Table 1 . Kundu et al. (2010) already reported for the same set of samples that they accounted for nearly 2.4% and 1.6% of OC in day-and nighttime samples, respectively. Ho et al. (2007) reported dicarboxylic acids and related compounds in atmospheric aerosols collected from 14 Chinese megacities during summer and winter ( Table 2 ). The mean concentrations of total dicarboxylic acids (2180 ng m −3 ), total ketocarboxylic acids (167 ng m −3 ) and total dicarbonyls (56 ng m −3 ) for all day and night samples in our study were found to be higher by 1.6-7.6, 2.6-10.7 and 2.1-16.3 times, respectively, than those of 14 Chinese megacities. Table 2 compares concentration data of C 2 -C 5 dicarboxylic acids with those reported in atmospheric aerosols collected from urban, semiurban/rural areas and remote marine islands located in different parts of the world as well as oceans and polar regions. The mean concentration of total C 2 -C 5 dicarboxylic acids in our study is about 2-10 times higher than those from East Asian, European and North American megacities. Similarly, our mean concentration is about an order of magnitude higher than those of semiurban/rural aerosols and remote marine aerosols, and one to two orders of magnitude higher than those of the aerosols collected from remote oceans and polar regions. These comparisons clearly suggest that biomass burning is an important source of dicarboxylic acids in the atmosphere.
Diurnal variations of the concentrations of dicarboxylic acids and related compounds
We have observed that the concentrations of dicarboxylic acids and related compounds normalized by the biomass burning tracers (levoglucosan and K + ) are higher in the daytime than in the nighttime (Figs. 2 and 3 ). For example, the normalized concentrations of oxalic (C 2 ), malonic (C 3 ) and succinic (C 4 ) acids increased in daytime compared to nighttime by a factor of 1.2 to 4.6. Similar daytime enhancements in the normalized concentrations were found for most other acid and aldehyde species (Figs. 2 and 3) . On the other hand, the normalized concentrations of glutaric (C 5 ) acid were 0.3 to 0.8 times lower in daytime than in nighttime for the first three pairs of successive day and night samples, but were 1.4 to 3.2 times higher in the remaining daytime samples. Some plausible mechanisms to explain these observations are suggested below. Diurnal variations of aerosol mass to levoglucosan and to K + ratios with the maximum values at day (Fig. 4) are due to the predominance of biomass burning. Higher biomass burning in the daytime can emit large quantities of non-methane hydrocarbons (NMHC), among which unsaturated hydrocarbons are especially abundant (Andreae and Merlet, 2001; Koppmann et al., 2005) . Unsaturated NMHC (e.g., ethene, ethyne, propene, butene, isoprene, cycloalkenes, pinene, etc.) can either be oxidized to dicarboxylic acids and related compounds and subsequently partitioned into the gas and aerosol phase (Gao et al., 2001) , or be oxidized to aldehydes and ketones, which dissolve into aerosols and are then oxidized to organic acids in aqueous-phase reactions in the daytime (Gao et al., 2001) . Alternatively, Gao et al. (2003) suggested that large organic molecules emitted from biomass burning might be degraded in the daytime to smaller molecules due to heterogeneous oxidation reactions. They invoked this logic based on the enrichment of oxalate, glutarate and succinate with respect to K + by an order of magnitude, when fresh biomass burning plumes from savanna fires age for about 40 min. In the other words, lower ratios of dicarboxylic acids to biomass burning tracers at night (Figs. 2 and 3 ) are associated with less prevalence of biomass burning as suggested by Fig. 4 and the cessation of photochemical oxidation of NMHC and particulate organic matter due to the absence of sunlight. Limbeck et al. (2001) reported the semivolatile behavior of C 2 -C 9 dicarboxylic acids, glyoxylic and phthalic acids on aerosols collected using a low volume sampler equipped with a front/back-up filter tandem system of quartz fiber filters. They found that species detected on the back filter accounted for 13.3 to 38.5% of observed concentrations on the front filter, except for malonic acid. Therefore, it is likely that more dicarboxylic acids and related compounds will be partitioned to the aerosol phase in nighttime when the ambient temperature decreases. However, this condensation process cannot be more significant than the possible photoproduction, as Fig. 5 . Diurnal variations of the concentration ratios of oxalic acid to (a) smaller-molecular weight (C 3 and C 4 ), (b) larger-molecular weight (C 5 , C 6 , C 7 and C 9 ), (c) branched (iC 4 , iC 5 and iC 6 ), (d) aliphatic unsaturated (M, F and mM), (e-f) aromatic unsaturated (Ph, iPh and tPh) and (g-h) multifunctional (kC 3 , hC 4 and kC 7 ) dicarboxylic acids, (i-j) ketocarboxylic acids (ωC 2 , Pyr and ωC 9 ) and (k) α-dicarbonyls (MeGly and Gly) normalized by levoglucosan in biomass burning aerosols. See Table 1 for abbreviations. 
. Diurnal variations of the concentration ratios of oxalic acid to (a) smaller-molecular weight (C 3 and C 4 ), (b) larger-molecular weight (C 5 , C 6 , C 7 and C 9 ), (c) branched (iC 4 , iC 5 and iC 6 ), (d) aliphatic unsaturated (M, F and mM), (e-f) aromatic unsaturated (Ph, iPh and tPh) and (g-h) multifunctional (kC 3 , hC 4 and kC 7 ) dicarboxylic acids, (i-j) ketocarboxylic acids (ωC 2 , Pyr and ωC 9 ) and (k) α-dicarbonyls (MeGly and Gly) normalized by potassium ion in biomass burning aerosols. See Table 1 for abbreviations.
we have observed higher carbon-based concentrations of dicarboxylic acids and related compounds in daytime (Figs. 2  and 3 ). Table 1 for abbreviations.
The prevailing combustion phases may have some effect on the observed diurnal variations of dicarboxylic acids and related compounds. Gao et al. (2003) reported that the K + /levoglucosan ratio in aerosols produced from savanna fires was 33.3 for flaming combustion and 0.2-0.6 for smoldering combustion. These results suggest that aerosols produced from flaming phases should have a higher K + /levoglucosan ratio. Higher K + /levoglucosan ratios (average 0.78±0.3) for daytime samples and lower ratios (average 0.51±0.2) for nighttime, as well as successive day and nighttime samples, have already been reported for the same group of samples used in this study (Kundu et al., 2010) .
Chemical degradation of dicarboxylic acids, ketocarboxylic acids and α-dicarbonyls
The chemical production of C 2 -C 9 dicarboxylic acids from the UV irradiation of the oleic acid-O 3 -OH radical system in the laboratory, followed by their chemical degradation after 20 h has been observed (Matsunaga et al., 1999) . Kalberer et al. (2000) identified gas phase pentanal as a main product from a smog chamber experiment with the cyclohexeneozone system, as well as oxalic (C 2 ), malonic (C 3 ), succinic (C 4 ), and adipic (C 6 ) acids, multifunctional dicarboxylic acids (hydroxyglutaric and hydroxyadipic), and oxocarboxylic acids (4-oxobutanoic acid, 5-oxopentanoic acid and 6-oxohexanoic acid) in the aerosol phase. Interestingly, the yield of smaller-MW dicarboxylic acids and related compounds (C 2 -C 5 ) was higher than that of larger-MW dicarboxylic acids (C 6 ), suggesting that C 2 -C 5 dicarboxylic acids are likely produced due to the photochemical degradation of adipic (C 6 ) acid in the cyclohexene-ozone system. Kawamura et al. (1999) have suggested, based on the higher ratios of C 2 /C 4 and C 3 /C 4 in the equatorial Pacific than in the midlatitudes of the Pacific, that C 2 and C 3 dicarboxylic acids were likely produced by the oxidative degradation of C 4 and longer chain dicarboxylic acids in the aerosols. Strong anti-correlations between the relative abundance of oxalic acid to total n-saturated dicarboxylic acids (C 2 -C 10 ) and some high carbon number dicarboxylic acids [methylmalonic (iC 4 ), maleic (M), methylmaleic (mM), methylsuccinic (iC 5 ), adipic (C 6 ) and phthalic (Ph)], ketocarboxylic acids [glyoxylic (ωC 2 ) and pyruvic (Pyr)], and dicarbonyl [glyoxal (Gly)] have been reported in summer aerosols collected from urban Tokyo (Kawamura and Yasui, 2005) . These authors also suggested that longer-chain (C 5 -C 10 ) dicarboxylic acids were produced through the oxidation of semi-volatile fatty acids (Kawamura and Gagosian, 1990; Kawamura et al., 1996a) , which are also the oxidation products of unsaturated fatty acids that are abundant in leaves of higher terrestrial plants and are also emitted from wood burning (Rogge et al., 1998) .
Generally, levoglucosan and K + normalized ratios of oxalic acid to other dicarboxylic acids, ketocarboxylic acids and dicarbonyls showed higher values in daytime than in nighttime (Figs. 5 and 6 ). This suggests that oxalic acid is likely produced photochemically from other dicarboxylic acids, ketocarboxylic acids and dicarbonyls in the biomass burning environment.
Primary versus secondary sources of dicarboxylic acids and related compounds
Primary sources of dicarboxylic acids and related compounds include motor exhausts (Kawamura and Kaplan, 1987; Grosjean, 1989) , wood combustion (Rogge et al., 1998; Oros and Simoneit, 2001) , forest biomass burning (Narukawa et al., 1999; Falkovich et al., 2005) and the cooking of meat (Rogge et al., 1991) . Although it is widely believed that the secondary production of dicarboxylic acids overwhelms the emissions from primary sources, little is known about their secondary production from different precursors, which include ethene and ethyne (Warneck, 2003) , toluene and isoprene (Ervens et al., 2004) , methylglyoxal (Lim et al., 2005; Carlton et al., 2007) , unsaturated fatty acids (Kawamura and Gagosian, 1987; Kawamura and Sakaguchi, 1999; Matsunaga et al., 1999) , cycloalkenes (Hatakeyama et al., 1985; Kalberer et al., 2000; Gao et al., 2001) , etc.
To better understand the sources and formation mechanisms of dicarboxylic acids and related compounds, we conducted correlation analyses on day and night samples. Tables 3 and 4 show the correlation coefficients among dicarboxylic acids and related compounds for day and night samples, respectively. For day samples, very good correlations were obtained between oxalic (C 2 ) acid and other straightchain (C 3 -C 11 ) and branched-chain (iC 4 , iC 5 and iC 6 ) saturated dicarboxylic acids, unsaturated (M, F, mM and Ph) dicarboxylic acids, multifunctional (kC 3 , kC 7 except hC 4 ) dicarboxylic acids, ketocarboxylic acids (ωC 2 , ωC 4 , ωC 9 and Pyr except ωC 3 ) and dicarbonyls (Gly and MeGly). Systematically, weaker correlations were observed among oxalic (C 2 ) acid and other dicarboxylic acid species and related compounds in nighttime samples, which can be interpreted as resulting from the accumulation of dicarboxylic acids and related compounds within the shallow nocturnal boundary layer and the cessation of photo-production and degradation of dicarboxylic acids and related compounds at night.
These correlations suggest a similarity in the sources of dicarboxylic acids and related compounds. The sources are likely either primary emission or secondary production, which are strongly connected to each other by chain reactions transforming other dicarboxylic acids and related compounds to oxalic acid. This is also supported by the higher abundance of oxalic acid relative to other dicarboxylic acids and related compounds (Figs. 5 and 6) and fair to good correlations between temperature and oxalic acid to other dicarboxylic acids (Fig. 7) in daytime. Assuming that other dicarboxylic acids and related compounds are converted to oxalic (C 2 ) acid, particularly in daytime due to photochemical degradation, it can be concluded based on the linear relationship between oxalic acid and other dicarboxylic acids and related compounds [y (other dicarboxylic acid and related compounds) = 1.03 (oxalic acid) + 243.5] that, on average, 77% of the oxalic (C 2 ) acid are produced from other dicarboxylic acids and related compounds. The remaining 23% are likely produced from direct emissions, or are chemically produced from other unknown precursors. Gao et al. (2003) report the emission ratios of oxalic (C 2 ) acid to succinic (C 4 ) acid and to glutaric (C 5 ) acid in the aerosols of savanna plumes to be 0.16 and 2.5, respectively (Gao et al., 2003) . In our data, the (C 2 /C 4 ) ratio is 3.5 and 2.9 times higher than that of savanna plume aerosols during day and nighttime, respectively, and the (C 2 /C 5 ) ratio is 35 and 10 times higher during daytime and nighttime, respectively. These findings substantiate the dominant secondary production of oxalic (C 2 ) acid due to the degradation of succinic (C 4 ) and glutaric (C 5 ) acids. The emission ratios of oxalic acid (C 2 )/K + and succinic acid (C 4 )/K + as well as oxalic acid (C 2 )/levoglucosan and succinic acid (C 4 )/levoglucosan Table 1 for abbreviations.
can be derived from Gao et al. (2003) for aerosols collected from fresh plumes of savanna fires. Ratios of both dicarboxylic acids to K + and levoglucosan are 0.05 and 0.03, respectively. Gao et al. (2003) also showed that dicarboxylic acid ratios with respect to K + increased to 0.25 for oxalic (C 2 ) acid and to 0.15 for succinic (C 4 ) acid in plumes aged over 40 min. A higher average value for oxalic (C 2 ) acid (0.78) and a similar average value for succinic (C 4 ) acid (0.14) was obtained for our day and night samples. Sillanpää et al. (2005) reported higher enrichment of oxalate (10) and succinate (5) with respect to K + in the case of boreal wildfire smoke transported long distances. Most of the dicarboxylic acids and related compounds showed moderate to strong correlations with the biomass burning tracers (K + , CO and EC a ) and OC except for terephthalic (tPh), malic (hC 4 ) and 3-oxopropanoic (ωC 3 ) acids in daytime, and maleic (M), phthalic (Ph), isophthalic (iPh), ketomalonic (kC 3 ) and ketopimelic (kC 7 ) acids, and glyoxal (Gly) in nighttime (Table 5 ). It has also been previously reported that dicarboxylic acids and related compounds correlated well with the biomass burning tracers (K + , BC e and CO) Mayol-Bracero et al., 2002) . This suggests that the dicarboxylic acids and related compounds are in part directly emitted from biomass burning. Correlations of dicarboxylic acids and related compounds against biomass burning tracers (K + , CO and EC a ) and OC are systematically weaker in nighttime than in daytime (Table 5). These results further suggest the reduced prevalence of biomass burning at night.
Conclusion
This study demonstrates, for the first time, the molecular distributions of dicarboxylic acids, ketocarboxylic acids and dicarbonyls in the full range of C 2 -C 11 in biomass burning aerosols. Oxalic (C 2 ) acid is the most abundant among these species, followed by succinic (C 4 ), malonic (C 3 ) and glyoxylic (ωC 2 ) acids. Higher loadings of total dicarboxylic acids, total ketocarboxylic acids and total dicarbonyls were found in our biomass burning aerosols than in the aerosols of heavily polluted megacities in East Asia, indicating that biomass burning is a very important source for dicarboxylic acids and related compounds at the regional and global scales. Evidence for the photochemical formation and degradation of dicarboxylic acids in the smoke layers was obtained in this study. Considering the C 3 -C 11 dicarboxylic acids, ketocarboxylic acids and dicarbonyls as being precursors of oxalic acid, this study has also shown that the secondary formation of oxalic (C 2 ) acid via photochemical processes overwhelms the primary production. However, these precursor compounds are also derived predominantly from biomass burning emissions and subsequent photochemical oxidations.
